Aortic surgery results in ischemia-reperfusion injury that induces an inflammatory response and frequent complications. The magnitude of the inflammatory response in blood and bronchi may be associated with the risk of immediate complications. The purpose of the study was to evaluate bronchial microdialysis as a continuous monitoring of cytokines in bronchial epithelial lining fluid (ELF) and to determine whether bronchial ELF cytokine levels reflect the ischemia-reperfusion injury and risk for complications during open abdominal aortic aneurysm (AAA) repair. We measured cytokines in venous blood using microdialysis and in serum for comparison. Sixteen patients scheduled for elective open AAA repair were included in a prospective observational study. Microdialysis catheters were introduced into a bronchi and a cubital vein. Eighteen cytokines were measured using a Bio-Plex Magnetic Human Cytokine Panel. Samples were collected before and during crossclamping of the aorta as well as from 0 to 60 min and from 60 to 120 min of reperfusion. The ELF levels of several cytokines changed significantly during reperfusion. In particular, IL-6 increased more than 10-fold and IL-13 more than 5-fold during ischemia and reperfusion. Also, the venous levels of several inflammatory and anti-inflammatory cytokines increased and exhibited their highest concentration during reperfusion. Both bronchial and venous cytokine levels correlated with duration of the procedure, intensive care days, and preoperative kidney disease. Three patients suffered organ failure as a direct consequence of the procedure, and in these patients the bronchial ELF concentrations of 17 of 18 cytokines differed significantly from patients without such complications. Bronchial microdialysis is suited for continuous monitoring of inflammation during open AAA repair. The bronchial ELF cytokine levels may be useful in predicting immediate complications such as organ failure in patients undergoing vascular surgery.
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Introduction
Patients undergoing major vascular surgery are prone to complications such as peri-and postoperative respiratory and renal failure. The estimated risk of any organ failure after elective open infrarenal aortic repair varies from 16% to 36% (Roumen et al. 1993; Muehling et al. 2011 ). It is a major challenge to identify patients at risk for a complicated course. Besides patient characteristics such as smoking, diabetes, obesity, and renal failure, perioperative measures such as duration of the procedure are predictors for complications during vascular surgery. Several studies have shown that an enhanced inflammatory response during surgery seems to reflect an increased risk for complications in these patients Thus, elevated cytokine levels have been associated with respiratory failure and increased mortality in patients undergoing aortic surgery (Roumen et al. 1993; Cornet et al. 2009 ).
Microdialysis is a minimally invasive technique used to explore tissue chemistry within target organs and has gained attention in studies on pharmacokinetics of antibiotic drugs in the lungs, as well as a valid "bedside" method to detect acute ischemia and in measurements of inflammatory markers that predict organ rejection in transplantation surgery (Herkner et al. 2002; Aoki et al. 2008; Nielsen et al. 2011; Haugaa et al. 2012) .
We have previously shown that detection of substances in the epithelial lining fluid (ELF) by bronchial microdialysis (BMD) is superior to measurements in serum samples for detecting inflammation in a pig model of intestinal ischemia-reperfusion (IR) injury, which suggests that bronchial cytokine concentrations could be a warning sign and a criterion to expedite clinical decision making (Tyvold et al. 2007 (Tyvold et al. , 2010 .
In the present study, we hypothesize that cytokine levels in bronchial ELF may differ from the levels in systemic circulation, and that BMD may be a method useful in monitoring pulmonary inflammatory responses and thereby identifying patients at risk for complications. To explore this hypothesis, we studied patients undergoing elective open abdominal aortic aneurysm (AAA) repair and used microdialysis catheters positioned in a bronchus and a cubital vein for obtaining samples for cumulative cytokine analyses both peri-and postoperatively.
Materials and Methods
The protocol was approved by the Regional Committee for Health and Medical Research. Informed consent was obtained from each patient. The study is registered at clinicaltrials.gov (Tyvold 2011 Table 1 .
Patients with organ failure triggered only by the trauma of the AAA surgery procedure, according to the organ failure criteria (Supporting Information), persisting more than 24 h, and required treatment and observation in the intensive care unit, were included in the primary postoperative organ failure group (Table 2a) . Patients without complications, with transient organ failures (less than 24 h, not leading to intensive care therapy) and patients with complications, like bleeding and aspiration, occurring on the first postoperative day and later, leading to reoperation and/or intensive care, were not included in the organ failure group (Table 2b) .
Anesthesia and surgery
Standard open AAA repair was performed during general anesthesia and thoracic epidural analgesia, by a midline laparotomy, and cross-clamping of the abdominal aorta below the renal arteries with the insertion of a tubular or bifurcated graft.
Microdialysis and blood samples
All microdialysis catheters were tested, connected to microdialysis pumps (CMA 107, CMA Microdialysis AB, Stockholm, Sweden), and continuously perfused 1 h before and during insertion using a sterile infusion (Plasmodex â , Meda AB, Solna, Sweden) with a flow rate of 1 lL/min (Tyvold et al. 2010) . Microdialysis vials (Microdialysis AB, Sweden) were labeled and weighed before and after sample collection. The density of Plasmodex â (Meda AS, Asker, Norway) differed <1% from water and was assumed to be 1 mg/lL. The mean fluid recovery was 94% in venous microdialysis (VMD) and 88% in BMD.
The catheters were perfused in situ 5-10 min before sampling. The samples were immediately stored at À80°C. The microdialysis catheters were removed within minutes after completion of the experimental protocol 120 min after the start of reperfusion.
Bronchial microdialysis
A microdialysis catheter (CMA 71, custom made, cutoff 100 kDA, membrane length 10 mm, CMA Microdialysis AB, Stockholm, Sweden) was threaded into a 14-G suction catheter before insertion (Fig. 1) . The microdialysis catheter was introduced into the trachea under direct laryngoscopy before endotracheal intubation, the catheter was advanced until it wedged in the bronchial tree, after endotracheal intubation, fiber-optic bronchoscopy was performed to verify the wedged position. Patients were observed for signs of complications related to the microdialysis catheters, including bronchial reactivity requiring antiobstructive medication, bronchial bleeding, pneumothorax, and pneumonia. The catheters were inspected for damage after removal.
Intravenous microdialysis
The microdialysis catheter (CMA 71, custom made, cutoff 100 kDa, membrane length 10 mm, CMA Microdialysis AB, Stockholm, Sweden) was introduced into the cubital or cephalic vein, based on visual inspection of the diameter and course, through the venous catheter. Patients were monitored for signs of complications related to the 2017 | Vol. 5 | Iss. 14 | e13348 Page 3 microdialysis catheters, including thrombosis of the upper extremity.
Blood samples
Blood samples and arterial blood gases were drawn from the radial artery catheter. Additionally, blood samples from the cubital vein were collected on postoperative days 1-3 at 6 AM for the analysis of inflammatory markers. Serum samples for cytokine analysis were stored at À80°C.
Cytokine analysis
Cytokine levels were analyzed using a Bio-Plex Supplementary Table E1 . Cytokines with concentrations below the limit of quantification in more than half of the samples were excluded from further analysis.
Correlations
The measured cytokine concentrations were correlated with patient characteristics (age, BMI, smoke status, aortic aneurysm diameter), medication (acetylsalicylic acid, statin), comorbidities (hypertension, coronary heart disease, previous coronary intervention, heart failure, peripheral atherosclerotic disease, COPD, kidney disease, liver disease, diabetes mellitus), biochemical markers (s-creatinine, glomerular filtration ratio), hospital admission (hospital days, intensive care unit days, anesthesia time, surgery time, aortic clamp time, intraoperative fluid volume, transfusion volume), intraoperative parameters (HR, MAP, CVP, MPAP, SVO 2 , FiO 2 / PaO 2 , temperature). Only variables where half or more than half of the measured cytokines showed a significant correlation are presented in the Results. 
Results
There were no registered complications or adverse events due to the insertion of the microdialysis catheter or collection of bronchial ELF. The introduction of the BMD catheter into the bronchi took approximately 30 sec, and the bronchoscopy control lasted for 2 min. In four of the patients, the catheter required repositioning and one patient was excluded before the start of the experimental protocol due to a nonfunctioning microdialysis catheter. All patients survived the 30-day observation period after surgery. Three patients experienced severe complications that persisted >24 h after the surgical procedures requiring treatment in the intensive care unit (organ failure group). Two of these patients had unstable circulation and were fluid and norepinephrine dependent, and one patient developed postoperative renal failure. They were all three in need of ventilator support, and the length in stay in the intensive care unit was 1-11 days. Hemodynamic, respiratory, and temperature data from the perioperative period are presented in Table 3 .
Cytokines

Bronchial cytokines measured by microdialysis
Eight of 18 cytokines measured in bronchial ELF presented an overall change in relation to the surgery. IL-5, IL-6, IL-13, GM-CSF, IL-2, IL-4, and TNF-a increased, with the highest concentrations observed during reperfusion. IL-6 increased more than 10-fold and IL-13 more than 5-fold. IL-7 was reduced about threefold during ischemia and reperfusion (Table 4) .
More than half of the measured bronchial cytokines showed a significant correlation with the aortic aneurysm diameter, s-creatinine, GFR, previous coronary intervention, kidney disease, statin use, duration of cross-clamping, duration of surgery, duration of anesthesia, intensive care days, volume of erythrocyte transfusion, and MPAP. The correlation coefficients are presented in Supplementary Table E2 .
The concentrations of bronchial cytokines as measured by microdialysis were significantly higher than the concentrations measured in blood by VMD. 
Venous cytokines measured by microdialysis
Eleven cytokines measured in venous blood presented an overall change in relation to surgery. IL-1b, IL-4, IL-6, IL-8, IL-10, IL-12 (p70), IL-17, MCP-1, MIP-1a, MIP-1b, and TNF-a increased, with the highest concentrations observed during reperfusion. TNF-a, MIP-1a, and MIP1b increased during ischemia. All cytokines increased fivefold or more except IL-10 (Table 5) . Six of the cytokines measured in venous blood (IL-2, IL-5, IL-7, IL-13, G-CSF, and IFN-c) were below the limit of quantification in more than half of the microdialysis samples. More than half of the venous cytokines showed a significant correlation with age, aortic aneurysm diameter, kidney disease, acetylsalicylic acid use, smoking status, duration of cross-clamping, duration of surgery, duration of anesthesia, volume of erythrocyte transfusion, volume of other fluids, MPAP, lung compliance, temperature, duration of stay, and number of organ failures (Supplementary Table E2 ).
Serum cytokines
Fifteen cytokines presented an overall change in relation to surgery. The highest concentration of IL-1b, IL-4, IL-5, IL-7, IL-12 (p70), IL-13, IFN-c, and TNF-a was observed in the sample collected immediately after anesthesia induction. The highest concentration of IL-8, IL-10, G-CSF, MCP-1, and MIP-1b was observed during reperfusion. IL-6 peaked on the morning of the first postoperative day, and the lowest MIP-1a concentration was observed on postoperative day 1. G-CSF and MCP-1 had a fourfold or larger increase. (Table 6 ). IL-2, IL-17, and GM-CSF were below the limit of quantification in more than half of the samples.
Half and more of the measured serum cytokines correlated with acetylsalicylic acid use and MAP (Supplementary Table E2 ).
Perioperative organ failure; comparison of groups
Seventeen of 18 bronchial ELF cytokines (IL-1b, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 (p70), IL-13, IL-17, G-CSF, GM-CSF, IFN-c, MCP-1, MIP-1a, MIP-1b, and TNF-a) were significantly higher in the organ failure group compared to the nonorgan failure group. For comparison, only four cytokines (IL-4, IL-17, MCP-1, and MIP-1) measured in venous blood were significantly higher in patients with organ failure comparing patients without such complications and seven cytokines measured in serum were significantly different between these two groups. The data on group comparisons are presented in Table 7 .
Discussion
In this study, we show that BMD is a safe procedure in mechanically ventilated patients. We found higher cytokine levels in ELF obtained by BMD than in venous blood and serum, and we demonstrated significantly changes in several of these cytokines both peri-and postoperatively in patients undergoing elective open AAA repair. In particular, we show that the IL-6 levels were increased more than 10-fold and IL-13 levels more than fivefold in ELF during ischemia and reperfusion. Also, the venous levels of several inflammatory and anti-inflammatory cytokines increased and exhibited their highest concentration during reperfusion. Both bronchial and venous cytokine levels correlated with duration of the procedure, intensive care days, and preoperative kidney disease. Three patients suffered organ failure as a direct consequence of the procedure, and in these patients the bronchial ELF concentrations of seventeen of 18 cytokines differed significantly from patients without such complications. Although this is a small study, we show significantly higher cytokine levels in ELF from patients developing perioperative organ failures comparing those without such complications.
This pilot study support a role for BMD in monitoring patients during vascular surgery, but clearly, larger studies are needed to evaluate its power as a predictive tool for complications in these patients. The gold standard for monitoring of the ELF is bronchoalveolar lavage (BAL). However, measurements in ELF from BAL only represent a snapshot. Continuous monitoring or several repeated measurements is needed to better describe inflammatory responses in the lungs. BAL is relatively traumatic, and is often accompanied by adverse events (De Pascale et al. 2015) . BMD is safe with no adverse events, provides possibilities for repeated measurements/continuous monitoring, and can most probably be used in intubated critically ill patients intubated over time.
Using BMD we detected 18 different cytokines in the ELF, and several of these cytokines changed significantly during reperfusion. In particular, IL-6 increased more than 10-fold and IL-13 more than 5-fold. These two cytokines could be particularly suitable as biomarkers for pulmonary inflammation as they also reflect the pathogenesis of acute lung injury and repair. First, elevated levels of IL-6 in plasma and BAL have been shown in several studies to predict mortality in acute lung injury (Meduri et al. 1995; Parsons et al. 2005 ). It has also been shown that IL-6 may be a useful biomarker for stratification of asthma patients by reflecting poor lung function and increased risk for developing exacerbations (Peters et al., 2016) . IL-13 could also potentially reflect an interesting biomarker for pulmonary inflammation and injury. Thus, IL-13 may induce many features of allergic lung disease, and has also been implicated in the pathogenesis of acute lung inflammatory injury (Baurakiades et al. 2014) . Recently, Chung et al. (2016) showed that IL-13 is a major regulator of radiationinduced lung injury and that therapeutic neutralization of IL-13 was protective against lung fibrosis. Accordingly, our findings of a marked increase of IL-6 and IL-13 in ELF could potentially be novel biomarkers for lung complications during vascular surgery. However, before ELF levels of IL-6 and IL-13 may be used as biomarkers, future studies will have to demonstrate that the ELF levels of these cytokines has high sensitivity and specificity in predicting clinical outcome, and can be measured with reproducible results across multiple clinical settings and sites.
The concentrations of bronchial cytokines were higher than the concentrations measured by VMD, supporting the hypothesis that the cytokines measured in bronchi are produced within the lung and bronchi and do not only 2017 | Vol. 5 | Iss. 14 | e13348
Page 7 Table 6 . Serum cytokines (pg/mL); median (25th percentile-75th percentile). reflect a spillover from a systemic response. One of the challenges with cytokine sampling by microdialysis is the low relative recovery for cytokine sampling by microdialysis. Some important factors as molecule size, diffusion coefficient (physical and chemical properties of the cytokine), and perfusion fluid velocity of the microdialysis pump affects recovery (Waelgaard et al. 2006; Helmy et al. 2009 ). This study was not designed to compare concentrations of cytokines in arterial serum samples and in microdialysate. But in view of our data with substantial higher concentrations measured in the bronchi compared to the venous circulation, we suggest that the production of cytokines is compartmentalized, and that the bronchial cytokines are produced in the lung in response to the surgical trauma from open AAA repair. Our findings in intermittent serum samples were unlike previously reported results and unlike our findings with continuous venous blood sampling using VMD. In serum samples in the first time periods (after anesthesia induction, ischemia, reperfusion 60 min, reperfusion 120 min), we saw both proinflammatory increase (IL-6) and decrease (IL-1b, IL-7, IL-12(p70), IL-13, and TNF-a). Chemokines increased (IL-8, MCP-1, and MIP-1b). Inhibitory cytokines both decreased (IL-4 and IFN-c) and increased (IL-10). This decrease in several serum cytokines during the ischemia and reperfusion periods may reflect a hyperacute release of cytokines at the time of the "after anesthesia induction" serum sample. The optimal time point for baseline cytokine samples in open AAA repair is unclear, and the results from different studies cannot be compared directly (Roumen et al. 1993; Barry et al. 1997; Groeneveld et al. 1997; Lammers et al. 2003) . Studies on the timing of the baseline blood sample are required to clarify the possible effects of presurgical procedures on the day of surgery.
Both BMD and VMD correlated with premorbid status, procedural factors, and parameters known to impact outcome (Supplementary Tables E2a and E2b) (Brady et al. 2000) . The correlations were mostly weak to moderate with only a few strong correlations. With the high number of correlations there is a risk that there are false positive and false negative in our material. The presentation of the correlations bear this in mind and only present factors where more than half of the cytokines showed a significant correlation, and consider only these factors to be significant. The overall cytokine concentrations in the bronchial and venous microdialysate correlated well with historically useful parameters for predicting outcome in patients undergoing elective open AAA repair. This indicate that bronchial and venous cytokines are biochemical markers correlating well with the trauma of open AAA repair, and that microdialysis is a reliable method for monitoring the inflammatory response.
The serum samples only correlated with acetylic acid use and MAP (Supplementary Table E2c ). It is necessary to evaluate the timing of intermittent samples. Sampling more frequently may provide more reliable data.
The study was not powered to compare groups of patients based on outcome variables. However, the bronchial cytokine response was different in patients suffering from severe early complications, with duration of organ failure more than 24 h that were only caused by the trauma of open AAA repair. The organ failure group demonstrated a significant change at the concentrations of 17 of 18 bronchial cytokines within 120 min of reperfusion after open AAA repair when compared to the nonorgan failure group. The bronchial cytokines measured during and 2 h after open AAA repair distinguished patients with a postoperative course including organ failure caused only by the trauma from the procedure of open AAA repair and patients without organ failure according to the criteria. The differences between the groups included a generally higher bronchial cytokine concentration after anesthesia induction and an increase in the bronchial cytokine concentration during I/R. We believe that cytokine production is compartmentalized, and the concentrations measured in the blood and bronchi have different patterns (Tyvold et al. 2010) . In serum samples and VMD, some cytokines show the same trend, but the response was not as consistent as in the bronchial ELF. We found that the cytokine concentrations in the bronchial ELF best identified patients who developed organ failure according to the criteria in a direct time relation to open AAA repair.
Conclusions
We present a pilot study showing that BMD is a safe method for continuous monitoring of inflammatory responses during open AAA repair. In our study, bronchial IL-6, IL-13, and TNF-a and venous IL-1b, IL-6, TNF-a, IL12 (p70), IL-8, MIP-1a, MIP-1b, and MCP-1 inhibitory cytokines IL-4, IL-17 are candidates as single markers for the trauma of open AAA repair. But our data show that measuring many cytokines at the same time by microdialysis in the distal bronchi or the cubital vein better depicts the cytokine response by the trauma of open AAA repair, and that the measurement of several inflammatory cytokines in ELF may better predict the risk for immediate complications leading to organ failure in patients undergoing open AAA repair.
We need new analyzing methods that can give expedite results at the bedside to make these results relevant to the single patient undergoing open AAA repair.
Further studies are needed exploring the role for BMD and measurements of ELF cytokine levels in predicting complications and outcome for patients undergoing vascular surgery.
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